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Abstract 
 
An environmentally friendly, rapid and cost effective analytical procedure based on 
dispersive liquid-liquid microextraction was developed for the determination of six 
tetracyclines (TCs) in meat destined for human consumption. Meat extracts were 
analyzed for TCs using a sensitive and selective analytical technique, liquid 
chromatography tandem mass spectrometry. Various influencing factors on the 
extraction, separation and determination of TCs such as pH of mobile phases, type 
and volume of disperser solvent, type and volume of extraction solvent and sample 
pH were optimized. Validation parameters such as calibration function, limit of 
detection (LOD), limit of quantification (LOQ), detection capability (CCα), decision 
limit (CCβ), accuracy and precision were established according to EU commission 
decision 2002/657/EC. Linearity in the range of 25-200 µg kg-1 was obtained with 
regression coefficients ranging from 0.9991 to 0.9998. Recoveries of spiked blank 
muscle samples at three levels (i.e. 50, 100 and 150 µg kg-1) ranged from 80 to 
101% and reproducibility was between 2 and 7%. The LODs and LOQs ranged from 
2.22 to 3.59 µg kg-1 and from 7.38 to 11.49 µg kg-1 respectively. The CCα ranged 
from 105 to 111 µg kg-1 while CCβ ranged from 107 to 122 µg kg-1. The proposed 
method compared well with the dispersive solid phase extraction method and was 
successfully applied to the determination of TCs in meat samples. Some of the thirty 
bovine muscle samples obtained from local abattoirs and butcheries were found to 
contain two tetracycline antibiotics residues (chlortetracycline and oxytetracycline) 
with oxytetracycline being the most commonly detected. The concentration levels of 
the TC residues detected in the eleven bovine muscle samples were between 12.4 
ix 
 
and 68.9 µg kg-1, levels that are lower than the European Union set maximum 
residue level (MRL) of 100 µg kg-1 hence the meat was fit for human consumption. 
 
Keywords:  Dispersive liquid liquid microextraction, sample preparation, liquid 
chromatography mass spectrometry, dispersive solid phase 
microextraction, tetracycline, meat. 
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CHAPTER ONE 
INTRODUCTION 
 
1.1 Background of the research 
Over the last two decades, modern and intensive farming in Botswana has made it 
possible to increase the meat production capacity at a lower cost per head.  Also the 
introduction of farmers` financial aid programs such as young farmers` fund and 
livestock management and infrastructure development (LIMID) has led to increased 
population of livestock.  These improvements have had many drawbacks to 
livestock, such as increased vulnerability to diseases and stress [1-4].  Diseases and 
stress cause high mortality and poor quality meat to food producing animals thus 
causing non-negligible financial losses for farmers, who are therefore led to use 
medicinal preparations (veterinary drugs) to fight diseases and stress.  However, all 
drugs that are administered to food producing animals may lead to residues in the 
edible tissues, milk, eggs and their products.  The presence of these residues may 
pose potential health risks, including allergic reactions, direct toxic effects, cancer 
and a change in the resistance of bacteria exposed to antibiotics [4-10]. 
 
To safeguard human health, many countries in the world that include, the European 
Union (EU), Japan, Canada, Australia and United States (US) have established safe 
maximum residue limits (MRLs) or tolerance levels for residues of veterinary drugs in 
animal tissues entering the human food chain to ensure that human food is entirely 
free from potentially harmful residues [11-17]. 
Beef export to European Union is the backbone of economy of Botswana after 
diamonds.  To support beef export to EU market and protect public health, residue 
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monitoring is carried out in meat and meat products destined for export to EU market 
and public consumption.  For this purpose, Botswana National Veterinary Laboratory 
(BNVL) is mandated with analysis of residues of veterinary drugs, prohibited 
substances such as anabolic steroids and environmental contaminants (pesticides 
and heavy metals) in beef and beef products. 
 
Laboratories involved in food safety control, need to analyze a large number of 
residues and contaminants in different food commodities.  In the framework of 
analyzing animal tissues destined for human consumption, it is indispensable to 
develop methods for identifying and quantifying all such substances unequivocally.  
Several techniques have been used to analyze these compounds, notably TLC, 
ELISA, GC, GC-MS, HPLC and LC-MS/MS [3-4,18-29].  The ever-increasing 
demand for determining compounds at very low concentration levels in samples with 
complex matrices requires the use of analytical techniques, which are characterized 
by high sensitivity such as LC-MS/MS.  In order to take advantage of the multi-
residue analysis capability of the LC-MS/MS technique, sample preparation methods 
should be incorporated to effectively extract a broad range of compounds from food 
samples, which is in fact a challenge.  The different physico-chemical characteristics 
of the target analytes, as well as the presence of high concentrations of fat and 
proteins in the food matrices complicate sample extraction and clean-up. Therefore, 
dispersive liquid-liquid microextraction was developed in this study to overcome 
some of the limitations of traditional or commonly used sample extraction and clean-
up methods (liquid-liquid extraction and solid phase extraction).  It is a fast growing 
method due to its simplicity of operation, low cost, high recovery, rapidity and use of 
small volume of organic solvents. The method that was first reported by Rezaee and 
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co-workers in 2006 [24] has been applied successfully and widely for the extraction 
of target analytes from aqueous samples which are less complicated. Unfortunately, 
extracting analytes using DLLME from biological samples is not that simple.  Thus 
biological solid matrix samples such as muscles present a challenge in that there is 
need to first extract the analyte from a complex matrix prior to applying DLLME [25-
27].  There are various factors that affect the extraction efficiencies and good 
chromatographic behaviour of compounds of interest (tetracyclines) such as pH of 
the aqueous solution, extraction time, extraction and disperser solvent type and their 
volumes that require to be optimized [24, 28]. 
 
1.2 Aim and Objectives 
 
1.2.1 Aim 
The aim of this study was to develop a rapid, cost effective and ‘greener’ sample 
preparation method (DLLME) for analysis of tetracycline residues in meat by LC-
MS/MS and to determine their prevalence below and or above MRLs. 
 
1.2.2 Specific objectives 
 
(i)  To develop a DLLME method and optimise parameters affecting extraction 
efficiency for analysis of tetracyclines in meat samples. 
 (ii)  To validate the DLLME method for analysis of tetracycline residues in meat 
samples according to EU Commission Decision 2002/657/EC. 
 (iii) To compare the proposed DLLME method with a South Africa National 
Accreditation System (SANAS) accredited dSPE method. 
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 (iv) To apply the validated DLLME method in the determination of tetracycline 
residues in real meat samples by LC-MS/MS. 
 
1.2.3 Scientific contributions 
 
(i)  Conference Poster Presentation 
 
S.O.S. Mookantsa, M.M. Nindi “Multiclass-multiresidue determination of sedatives 
and tetracyclines in kidney samples using DLLME and ESI-LC-MSMS”, 7th to 12th 
July 2013, 12th International Chemistry Conference Africa (ICCA) Pretoria, South 
Africa. 
 
(ii)  Publication 
 
S.O.S. Mookantsa, S. Dube, M.M. Nindi.  Development and application of a 
dispersive liquid-liquid microextraction method for the determination of tetracyclines 
in beef by liquid chromatography mass spectrometry. Talanta. 2016; 148: 321–328. 
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
2.1 Origin and use of tetracycline antibiotics 
 
Antibiotics are natural or semi-synthetic chemicals that interfere with the existence of 
pathogens by several action mechanisms while synthetic ones are termed 
‘antibacterials’ [29].  The use of antibiotics in veterinary medicine goes back to the 
1950s with the use of oxytetracycline (TerramycinTM) and chlortetracycline 
(AureomycinTM) as feed additives [30-31].  Common tetracycline compounds, their 
trade names and discovery dates are listed in Table 2.1 below.  Nowadays, many 
classes of antibiotics and antibacterials (tetracyclines, cephalosporins, 
sulphonamides, nitroimidazoles, macrolides, nitrofurans, penicillins, amphenicols, 
lincosamides, aminoglycosides and quinolones) are widely used for preventing and 
treating enteric bacterial infections in human and food producing animals [32-34]. 
Antibiotics are used for enhancing feed efficiency as well as for promoting growth in 
food producing animals [19].  Moreover, some of the antibiotics can be added 
directly to food, mainly to milk to prolong its freshness.  Tetracyclines merit a special 
attention among other veterinary/antibiotic drugs as they are the most widely used 
class of antibiotics mainly because they have a broad- spectrum activity, are 
inexpensive, readily available (can be bought over the counter) and are easy to 
administer.  In the 1980s, it was estimated that at least 60% of all animals used for 
food were exposed to antibiotics at some point in their lives [29].  With current 
intense animal husbandry practices, this figure is most probably higher. 
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Table 2.1: List of common tetracycline compounds, their trade names and 
discovery dates [31] 
Generic 
Name 
Chemical Name Trade Name Year of 
discovery 
Therapeutic 
administration 
Chlortetra-
cycline 
7-Chlortetracycline Aureomycin 1948 Oral 
Oxytetracy-
cline 
5-Hydroxytetracycline Terramycin 1948 Oral and 
Parenteral 
Tetracycline Tetracycline Achromycin 1953 Oral 
Demeclocy-
cline 
6-Demethyl-7- 
Chlortetracycline 
Declomycin 1957 Oral 
Rolietracy-
cline 
2-N-Pyrrolidinomethyl-
Tetracycline 
Reverin 1958 Oral 
Limecycline 2-N-Lysinomethyl- 
Tetracycline 
Tetralysal 1961 Oral and 
Parenteral 
Clomocy-
cline 
N-Methylol-7- 
Chlortetracycline 
Megaclor 1963 Oral 
Methacy-
cline 
6-Methylene-5- 
Hydroxytetracycline 
Rondomycin 1965 Oral 
Doxycycline 6-Deoxy-5- 
Hydroxytetracycline 
Vibramycin 1967 Oral and 
Parenteral 
Minocycline 7-Dimethylamino-6- 
Demethyl-6-
Deoxytetracycine 
Minocin 1972 Oral and 
Parenteral 
 
2.2 Physico-chemical properties of tetracyclines 
 
Tetracyclines are amphoteric molecules with multiple ionizable functional groups and 
have complicated ring structures.  The rings are lettered A to D from right to left, and 
the numbers begin at the bottom of ring A as shown in Figure 2.1.  Substitutions may 
occur in positions C1 through C12 [35].  Three macroscopic pKa values have been 
reported for TCs, corresponding to the tricarbonylamide (C1, C2, C3), phenolic 
diketone (C10, C11, C12), and dimethylamine groups (C4), respectively [35-38].  
Table 2.2 shows structures and physico-chemical properties of tetracycline 
compounds studied whereas Figure 2.2 illustrates functional groups of tetracyclines 
and their corresponding pKa values.  A Tetracycline molecule can behave as a 
7 
 
cation, a neutral/zwitterion, an anion or a dianion depending on the pH of the sample 
extract or solution as shown in Figure 2.3 below [38]. 
 
The stability of TCs is poor under strongly acidic and alkaline conditions but they are 
generally more stable in acidic than in alkaline conditions [37].  Reversible formation 
of epimers takes place at positions C4 to form 4-epi-TCs in weak acids (pH 3) and to 
anhydro-TC under strong acidic conditions (Figure 2.1) [36-38]. 
 
The presence of a hydroxyl group at C6 favours dehydration and aromatization of 
the C-ring of tetracycline leading to anhydro-TC at very low pH.  The epimerization of 
anhydro-TC and the dehydration of the epi-TC lead to the formation of 4-
epianhydrotetracycline [35-39].  At alkaline pH, TCs that have a hydroxyl group at C6 
can form their respective iso-TCs, via a nucleophilic attack of the C6 hydroxyl group 
at the C11 carbonyl carbon.  Among TCs, CTC is especially prone to this irreversible 
transformation to yield iso-CTC quickly [38-40].  Due to the additional hydroxyl group 
at the C5 position, OTC can transform irreversibly to α-apo-OTC and β-apo-OTC in 
acidic conditions via a nucleophillic attack of this –OH group at C12 [41].  
Tetracyclines have a strong tendency to complex with metal ions.  Previous studies 
have reported that the A ring and the BCD rings are probable metal complexation 
sites of TCs [39-44]. However, none of these tetracycline antibacterial agents 
undergoes metabolism within the animal body with the exception of tetracycline, 
about 5% of which is excreted as the metabolite 4-epitetracycline [36-38]. 
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Figure 2.1: Structure and reported transformation products of TCs [43] 
 
Table 2.2: Structures and physico-chemical properties of tetracycline compounds 
studied [45] 
Tetracycline Structure CAS 
number 
MW pKa 
 
Chlortetracycline 
 
 
 
64-72-2 
 
478.1143 
 
3.3, 7.4, 
9.3 
 
Demeclocycline 
 
 
 
64-73-3 
 
464.0986 
 
3.3, 7.2, 
9.3 
 
Doxycycline 
 
 
 
24390-14-5 
 
444.533 
 
3.1, 7.7, 
9.3 
 
Minocycline 
 
 
 
13614-98-7 
 
457.1849 
 
3.3, 7.2, 
9.3 
 
Oxytetracycline 
 
 
 
2058-46-0 
 
460.1482 
 
3.3, 7.3, 
9.1 
 
Tetracycline 
 
 
 
64-75-5 
 
444.1533 
 
3.3, 7.7, 
9.7 
 
Methacycline 
 
 
 
3963-95-9 
 
442.1376 
 
3.5, 7.6, 
9.3 
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Figure 2.2: Functional groups of tetracyclines and their pKa values [44] 
 
 
 
Figure 2.3: Speciation of TC molecule at pH 2-10 [43] 
 
2.3 Health effects of tetracyclines on human beings  
 
Tetracyclines (TCs) produced by streptomyces spp. are a wide family of antibiotics 
used in human and veterinary medicine that have a broad-spectrum activity against 
most Gram-positive and Gram-negative bacteria including some anaerobes.  
Tetracyclines are actively transported into the cells of susceptible bacteria where 
they bind to the 30S ribosomal sub-particle.  In this way, protein synthesis is 
inhibited, which explains their bacteriostatic effect [1, 46-48].  Oxytetracycline (OTC), 
tetracycline (TC), chlortetracycline (CTC) and doxycycline (DC) are four members of 
this antibiotic group that are commonly used in food producing animals.  When 
tetracycline drugs are administered by laymen, as in most cases, correct dosages as 
10 
 
well as withdrawal periods before slaughter are unlikely to be observed. This raises 
the possibility that residues of TCs may remain in animal tissues intended for human 
consumption.  The failure to follow good veterinary practices can lead to unsafe 
residue levels in different tissues, with potential adverse effects on human health.    
Improper dosages of tetracycline drugs especially subtherapeutic doses may lead to 
the emergence of resistant bacteria.  Humans may become resistant to tetracyclines 
and other antibiotic drugs. Resistant strains of Staphylococci, Coliforms, Bacilli, 
heumococci, Haemolytic streptococci, haemophilus influenczae and Clostridium 
welchii have been reported [29,46].  Human health problems resulting from intake of 
subchronic exposure levels of TCs include gastrointestinal disturbances, poor foetal 
development, hypersensitivity and other toxic effects.  Tetracyclines in meat 
potentially may stain teeth of young children.  In addition to immediate adverse 
effects, there are also long-term effects to the exposure of low levels of antibiotic 
residues that are still unknown [29-30, 49-51]. 
 
2.4 Legislations and residue monitoring of tetracyclines 
 
In order to safeguard human health, the World Health Organisation (WHO) and Food 
and Agricultural Organisation (FAO) have set standards for acceptable daily intake of 
antibiotics.  In the frame of its policy on consumer health protection, the European 
Union (EU) established maximum residue levels (MRLs) for various classes of 
antibiotics among which are tetracyclines, in different animal tissues [12, 14-15, 17, 
52].  Tetracyclines fall in group B1 (antimicrobial) substances.  The acceptable MRLs 
for all tetracyclines are set at 100 µg kg-1 for muscle, 300 µg kg-1 for liver and 600 µg 
kg-1 for kidney for all food-producing animals, in order to protect humans from 
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exposure to TCs in edible tissues of animal origin.  Withdrawal periods of 5-20 days 
before slaughter are recommended for food-producing animals, depending on the 
species and nature of the food product [5-6, 10-11, 51-53].  The EU is the largest 
market for most African countries for beef.  This implies that all countries that export 
or wish to export beef to the EU market must comply with the EU regulations on 
residue monitoring. 
 
2.4.1 EU criteria for testing methods 
 
The EU criteria for testing methods formed the basis for this work because most African 
countries, including Botswana export beef to the European Union market which has proven 
to be the largest and most lucrative beef market.  The testing laboratories of the exporting 
countries are therefore expected to adopt the EU directive for their sampling, testing and 
detecting.  A system of identification points is used to qualify mass spectrometry 
methods for identifying veterinary drugs residues [54] as illustrated in Table 2.3 
below.  For the confirmation of substances listed in Group A of Annex I of Directive 
96/23/EC a minimum of 4 identification points is required and for the confirmation of 
substances listed in Group B of Annex I of Directive 96/23/EC a minimum of 3 
identification points are required [54, 55]. 
 
 
 
  
12 
 
Table 2.3: Number of identification points collected by each analytical 
technique [54] 
Technique(s)  Number of ions to be 
monitored 
Identification points  
GC-MS 
LC-MS 
 1 precursor and 1 product 2 
GC-MS/MS 
LC-MS/MS  
1 precursor and 2 product 
ions  
4 
GC-MS/MS  
LC-MS/MS 
2 precursor ions, each 
with 1 product ion  
5 
 
When mass spectrometric determination is performed by techniques such as 
selected ion monitoring (SIM), selected reaction monitoring (SRM) or full scan, the 
molecular ions that are usually monitored are either of the selected diagnostic ions 
(the molecular ion, characteristic adducts of the molecular ion, characteristic 
fragment ions and all their isotope ions).  The signal-to-noise ratio for each 
diagnostic ion should be greater than 3:1 [54].  
 
2.4.2 Analytical Performance Limits 
 
Results in veterinary drug residue analysis are reported with criteria laid down in 
Commission Decision (CD) 2002/657/EC [54].  Validation of an analytical method 
must demonstrate key characteristics laid down in this commission.  The key 
characteristics are selectivity, sensitivity, limit of detection (LOD), limit of 
quantification (LOQ),  accuracy, precision, ruggedness, stability and performance 
limits e.g. decision limit (CCα) and detection capability (CCβ) [54-58].  The methods 
must be able to detect analytes at or below maximum residue limit (MRL) or 
minimum required performance limit (MRPL).  The MRL is the maximum level or 
maximum tolerance for substances established in Community legislation i.e. EU 
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legislation. The MRPL is the lowest concentration of analyte which is expected to be 
detected in the case of screening method or its identity confirmed in case of 
confirmatory methods [52, 56-57]. 
 
The LOD of a method is the lowest analyte concentration that produces a response 
detectable above the noise level of the instrument, typically three times the noise 
level. By this LOD criterion, it is taken that at the 0.05% level, an impurity will have 
S/N ≥ 3. However, it is very important that the LOD should be determined 
theoretically by using regression data [58]. The LOQ is strictly the lowest 
concentration of analyte that can be determined with an acceptable level of 
repeatability precision and trueness. It is also defined by various conventions to be 
the concentration of analyte corresponding to the sample blank value plus 5, 6 or 10 
standard deviations of the blank mean. The LOQ is an indicative value and should 
not be used in decision making [58]. 
 
Analytical performance limits (CCα and CCβ) are used to decide whether the sample 
is compliant or non-compliant in veterinary drug residue analysis.  If the amount of 
analyte detected in a sample is at set CCα then the sample is regarded as non-
compliant according to CD 2002/657/EC and only if the true concentration in the 
sample is above or equal to CCβ then one can be statistically confident that the 
residue is over MRL.  For permitted drugs CCα is estimated with 95% statistical 
confidence and for unauthorized drugs CCα is estimated with 99% statistical 
confidence.  CCβ is estimated with 95% statistical confidence in both instances [54, 
56].  Figure 2.4 relates the two performance characteristics (CCα and CCβ).  
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Figure 2.4:  Relationship between MRL, CCα and CCβ [54] 
 
2.5 Sample preparation procedures for analysis of tetracycline residues 
 
Food samples present an enormous challenge in analytical laboratories performing 
numerous analyses in their efforts to determine residues of veterinary drugs at trace 
levels to satisfy regulations in EU, USA and Japan.  In addition, biological samples 
are normally a challenge and may require further clean-up to reduce interferences 
and/or eliminate impurities, which might damage columns or affect the accuracy of 
results.  The most common techniques used for sample clean-up in determination of 
veterinary drug residues are liquid-liquid extraction (LLE) [59-61] and solid phase 
extraction (SPE) [62-66].  These traditional sample extraction and clean-up methods 
are labour intensive, time consuming and use large volumes of organic solvents that 
are environmentally unfriendly, carcinogenic and toxic.  These consuming and 
laborious techniques have a negative impact on laboratory throughput with some 
laboratories only managing to process less than 50 samples per day. 
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Sample preparation procedures have undergone numerous changes in the past few 
years.  Miniaturized sample preparation methods have been the focus in order to 
overcome the limitations of the traditional sample preparations [67-73].  These 
miniaturized sample extraction and pre-concentration procedures include solid phase 
microextraction [74-75], dispersive solid phase microextraction [76], single-drop 
liquid-phase microextraction [77], hollow fibre - liquid phase microextraction [78-81] 
and dispersive liquid-liquid microextraction [24-28, 82-86].  A general trend at 
present is not only to improve the analytical performance of these techniques but 
also to endeavor to satisfy the requirements of green chemistry, that is, to minimize 
the amounts of hazardous reagents consumed and waste generated.  
 
2.5.1  Dispersive solid phase microextraction 
 
Dispersive solid phase microextraction (DSPME) method is similar to dispersive solid 
phase extraction (dSPE) method which has been successfully used to clean-up 
samples for the analysis of pesticides residues in various matrices and veterinary 
drug residues in animal tissues.  However, in DSPME the dispersive sorbents are 
not only used for clean-up but also for trapping the analytes out of the solution and 
then transferring them to a smaller volume of a secondary desorption solvent after 
discarding most of liquid and drying [76,87].  The DSPME method is simple, fast and 
inexpensive and has been used for sample extraction in the analysis of tetracyclines 
mostly in water samples [76, 87].  Analytes were detected with LOD of 0.7-3.5 ng 
mL-1 and 7.9-35.3 ng mL-1 in water and milk, respectively.  Average recoveries 
ranged from 97.1 to 104.1% [76]. The limitation that comes with this method is that it 
uses about 5 mL of acetonitrile, which is a considerable high volume of organic 
solvent.   
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2.5.2  Cloud point extraction 
 
Cloud point extraction (CPE) method which was introduced in 1976 by Watanabe 
and co-workers [88] is a miniaturized liquid-phase microextraction and pre-
concentration technique based upon the unique properties (i.e. solubilization and 
phase separation [clouding] ability) of aqueous solutions of neutral surfactant 
micellar systems [88-89].  The CPE methods exploit a special property of most non-
ionic surfactants that form micelles in aqueous solution, which is that they become 
turbid when heated to the appropriate cloud point temperature.  Above the cloud 
point temperature, the micellar solution separates into a small, surfactant rich phase 
and a larger diluted aqueous phase.  In the aqueous phase, the surfactant 
concentration remains near critical micellar concentration.  Any analyte solubilized in 
the hydrophobic core of the micelle in the unheated solution, will be concentrated in 
the surfactant-rich phase following the cloud point extraction [88-91].  Figure 2.5 
illustrate the schematic procedure of the CPE technique.  The method was initially 
introduced for the pre-concentration of inorganic analytes such (metals) [88] but has 
since been exploited as a primary isolation step for the purification of proteins and as 
an extraction and pre-concentration method for the determination of organic and 
veterinary drug analytes [92].  To our knowledge, this technique has not yet been 
applied to tetracycline antibiotics but to fluoroquinolones antibiotics in water samples 
[92].  The reported CPE method showed good analytical features with linearity for 
four fluoroquinolones analytes in a wide range of 0.045–0.90 µg mL-1 and 
coefficients of determination of no less than 0.9901.  The limits of detection ranged 
from 0.007 to 0.013 µg mL-1 and average recoveries ranged from 83.0% to 96.7% 
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[92].  One of the disadvantages of the CPE method is its limited applications to solid 
samples. 
 
Figure 2.5:  Schematic procedure of the CPE method [90] 
 
2.5.3  Single-drop liquid-phase microextraction (SDME) 
 
Single-drop liquid phase microextraction (SDME) is a sample preparation method 
which uses a single droplet for extraction purposes and was first recommended in 
the mid 1990s [93].  The SDME technique employing a microsyringe is shown in 
Figure 2.6 below.  The syringe needle is used to pierce the septum of a closed 
container.  When the tip of the needle is in the desired position (in the aqueous 
phase or in the headspace) a hanging droplet of solvent is exposed to the matrix by 
depressing the plunger of the syringe.  After extraction is completed, the droplet is 
withdrawn into the syringe barrel by lifting the plunger [70-71, 77, 93-95].  The 
extracted samples can then be submitted to the instrument for analysis.  In addition 
to the advantage of using small volume of organic solvent, in this technique, analytes 
with high partition coefficient can reach high concentrations, since they are 
transferred by diffusion from a significant volume of sample (1-5 mL) to a small 
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micro-extract (5-50 µL) [77, 87, 94-96].  Despite its simplicity, easy implementation 
and low cost, SDME technique has some limitations; i) direct immersion requires 
careful and intricate manual operation because of problems of drop dislodgement 
and instability, ii) complex matrices requires a pre-treatment or extra filtration step.  
Since its inception, different modes of SDME have been developed, in order to 
improve its extraction efficiency, such as direct SDME, headspace SDME and 
continuous-flow SDME [70-71, 77, 87, 94-96].  Direct SDME has extensively been 
used for the direct extraction of pesticides residues from aqueous samples [70-71, 
77, 87, 95].  Application of SDME in veterinary drugs was reported for monensin with 
limits of quantification in surface water, soil, and human urine of 6.7, 12.4 and 7.8 ng 
mL-1, respectively [96]. 
 
Figure 2.6: Schematic illustration of the SDME procedure [94] 
2.5.4 Hollow- fibre liquid- phase microextraction  
Hollow-fiber liquid-phase microextraction (HF-LPME) was introduced in 1999 by 
Pedersen-Bjergaard and Rasmussen to improve the stability and reliability of SDME 
techniques [97].  This method uses single, low cost, disposable porous hollow-fibre 
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(HF) made of propylene [97].  A short piece of the porous HF is closed at the bottom 
or u-shaped and both ends connected to guiding tubes.  Prior to extraction, the HF is 
dipped in a water immiscible organic solvent for a few seconds.  The organic solvent 
is immediately immobilized in the pores of the HF by capillary forces, forming a 
supported liquid membrane (SLM).  The internal lumen of the HF is then filled with 
an acceptor solution, and the hollow fibre is placed in the sample.  With strong 
agitation or stirring of the sample, target analytes are extracted from the sample, 
through SLM, and into the acceptor solution.  After a certain period of time, the 
acceptor solution is removed from the HF, and injected in analytical instrument for 
analysis [71, 78-81, 95, 97-100].  Figure 2.7 below illustrates the principle of the HF-
LPME method. 
 
The HF-LPME method has two configurations; two-phase and three-phase systems.  
In a two-phase mode, the analytes are extracted from the aqueous sample into an 
organic solvent immobilized in the pores and the lumen of HF.  This mode is well 
suited for analytes with high solubility in non-polar organic solvents.  In a three- 
phase configuration, the analytes are extracted from an aqueous sample through the 
thin film of the organic solvent into an aqueous acceptor solution [95, 97-100].  The 
thin film of organic phase serves as a barrier between the donor phase and acceptor 
phase.  This mode is suited for acidic or basic analytes with ionizable functionalities, 
where the analyte is in neutral form in the donor phase.  The major advantages of 
HF-LPME are the high enrichment, high degree of sample clean-up and low solvent 
consumption.  Like all other sample preparation methods, HF-LPME has some 
limitations.  HF-LPME procedure is typically slow, extraction times range from 15 to 
45 minutes and target analytes may partly be trapped in the SLM [71, 78-81, 95]. 
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Another disadvantage is the lack of commercially available equipment and HF 
although commercially available, they have to be cut manually to appropriate length 
and sealed [100].  Using microextraction method some researchers have reported 
the determination of multi-classes of antibiotics in water samples with LODs ranging 
from 10 to 250 ng L-1.  Relative recoveries were between 79 and 118% with up to 
156 times enrichment [101].  
 
Figure 2.7:  Illustration of the HF-LPME principle [95]. 
 
2.5.5 Dispersive liquid-liquid microextraction (DLLME) 
 
Dispersive liquid-liquid microextraction method which was first reported by Rezaee et 
al. in 2006, was developed to overcome some of the limitations of liquid phase 
microextraction and clean-up methods described above [24].  It is a fast growing 
method due to its simplicity of operation, low cost, high recovery, rapidity and use of 
small volume of organic solvents.  The DLLME method is a ternary solvent, 
miniaturised liquid-liquid extraction method using microliter volumes of extraction 
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solvent, which is based on the equilibrium distribution process of the target analytes 
between sample solution and extraction solvent [24-28].  A mixture of a water-
immiscible extraction solvent and water-miscible disperser solvent is rapidly injected 
into the aqueous sample by a syringe.  The mixture is then gently shaken and a 
cloudy solution containing fine droplets of extraction solvent dispersed entirely in the 
aqueous phase is formed.  The analytes in the sample are extracted into the fine 
droplets, which are further separated by centrifugation, and the enriched analytes in 
the sedimented phase are determined by either chromatographic or spectrometric 
methods [24-28, 82-86].  Figure 2.8 below illustrates the procedure for the DLLME 
method. 
 
As with any sample preparation technique, one must still optimise the DLLME 
method.  Rezaee et al. and Kozani et al. have studied the factors affecting analytical 
performance of DLLME method.  They reported that the sample pH, type and volume 
of extraction and disperser solvents as well as the extraction time affect the DLLME 
method performance [24, 28].  Since its inception, DLLME has found several 
applications in the analysis of pesticides, metallic elements and veterinary drugs in 
samples with relatively simple matrix, such as aqueous samples [24, 28, 72, 85, 98].  
However, publications have recently appeared devoted to analysis of other sample 
matrices such as foods, environmental and biological samples [26, 27, 84, 86-87].  
 
When compared with other liquid–phase microextraction techniques, DLLME is more 
advantageous in terms of short total time, low cost and feasibility [73].  The DLLME 
method compared to cloud point extraction methods that used the same techniques 
revealed that both techniques have similar efficiency in terms of sensitivity and 
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recovery [73].  However, DLLME is faster than CPE because the latter sometimes 
needs heating aqueous solutions for long periods to achieve cloud point 
temperature.  Furthermore, extraction efficiency of CPE may decrease in the 
presence of more than 3% of water-miscible organic solvents such as THF due to 
dissolution of the surfactant-rich phase and decreasing the volume of this phase [73, 
102].  On the other hand, comparison of DLLME with HF-LPME revealed that both 
techniques provide high enrichment, with easy clean-up and low solvent 
consumption, however, HF-LPME requires long extraction times [73, 98]. 
 
Applications of the DLLME method in tap water, environmental water and egg 
samples for the determination of tetracycline antibiotics have been reported [103-
105]. However, ionic liquids were used as extraction solvents in these methods.  
Validation/performance parameters of the methods obtained under optimum 
conditions are reported in Table 2.4 below.  To the best of our knowledge, this is the 
first time that DLLME has been used in the determination of tetracycline antibiotic 
residues in tissue samples (muscle) [106]. 
 
Figure 2.8: Schematic diagram of DLLME procedure [98] 
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Table 2.4: Validation/ performance parameters of some of the DLLME methods 
applied to tetracycline antibiotics. 
Matrix Analytical 
method 
LOD 
µg L-1 
LOQ 
µg L-1 
Linear 
range  
(µg L-1) 
R2 Recovery 
(%) 
EF Ref. 
Tap water HPLC 9.7-
11.4 
- 10-500 0.998-
0.999 
62.6-
109.6 
- 103 
River 
water 
UPLC 0.031-
0.079 
0.10-
0.26 
0.1-200  0.992- 
0.999 
64.1-
103.1 
- 104 
Fishpond 
water 
UPLC 0.031-
0.079 
0.10-
0.26 
0.1-200 0.992- 
0.999 
61.4-99.2 - 104 
Hog 
leachate 
UPLC 0.031-
0.079 
0.10-
0.26 
0.1-200 0.992- 
0.999 
60.7-92.6 - 104 
Egg HPLC 2.0-
12.0 
- - - 58.6-95.3 12-
44 
105 
Muscle LC-MS 2.2-7.4 7.3- 
11.5 
25-200 0.9994-
0.9998 
80-101 - 106 
 
N.B: Units for LOD, LOQ and linear range for egg and muscle are µg kg-1. 
 
2.6 Analytical methods used for analysis of tetracyclines 
 
In the framework of analyzing animal tissues destined for human consumption, it is 
indispensable to develop methods for identifying and quantifying all such substances 
unequivocally.  Commission Decision 2002/657/EC implementing Council Directive 
96/23/EC establishes criteria for testing methods that should be met by techniques 
that are used to analyze substances in meat and meat products to ensure the quality 
and comparability of analytical results generated by official laboratories [54].  Several 
techniques have been used to analyze these veterinary drug residues, notably TLC, 
ELISA, GC, GC-MS and HPLC [18-22].  The disadvantages of some of these 
methods are that some require extensive sample clean-up [19-21], the use of 
expensive apparatus [20-22], can only process a limited number of samples [18], 
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lack specificity and sensitivity [18-20].  Although GC-MS is a specific and sensitive 
technique, the handling and maintenance of the instrument that include frequent 
cleaning of the ion source is very demanding and time consuming.  Moreover sample 
preparation is very laborious and includes procedures of sample extraction, analyte 
derivatisation and long run times with a typical sample throughput of less than 50 
samples per day [21].  Routine laboratories for control of veterinary drug residues in 
food producing animals have to analyze a large number of samples frequently, 
handling different families of compounds.  Coupling HPLC to mass spectrometer has 
improved the LC technique tremendously allowing for its applications to endogenous 
components such as proteins, peptides, carbohydrates, DNA, and drugs or 
metabolites.  Furthermore, powerful new technologies of ion- separation (tandem 
MS, Time of-Flight-MS, Ion-Trap MS) substantially increased the capabilities of MS 
analyzers with respect to specificity, universality, sensitivity, short run times due to 
their compatibility with short columns and the fact that analytes do not have to be 
fully resolved or separated to be identified and quantified as required in other 
analytical methods. These advantages are the reason for the widespread use of MS 
techniques over other analytical methods in routine laboratory analysis [3-4, 29, 31, 
45, 59-61, 63-66]. 
 
2.6.1 Liquid Chromatography Mass Spectrometry 
 
Liquid chromatography-mass spectrometry is a hyphenated technique, which 
combines the separating power of high performance liquid chromatography with the 
detection power of mass spectrometry. 
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2.6.1.1  High Performance Liquid Chromatography 
 
High performance liquid chromatography is the most widely used separation 
technique applied in analysis of veterinary drug residues in food samples.  Several 
papers dealing with determination of tetracyclines in water, biological and food 
samples by conventional liquid chromatography coupled to ultraviolet (UV) or diode-
array (DAD) and or fluorescence detectors have been published [22, 36, 62, 76, 79, 
103-105].  Tetracyclines were detected at a range of 0.7-35 ppb (ng mL-1 or ng g-1) in 
various.  These conventional LC techniques are limited in terms of specificity and 
sensitivity.  
 
2.6.1.2 Mass Spectrometry 
 
Mass spectrometry (MS) is a powerful analytical technique used to detect and 
determine the amount of a given analyte in less than nanogram quantities.  MS is 
also used to determine the elemental composition and some aspect of the molecular 
structure of an analyte.  MS utilizes the principle of separating ions on the basis of 
m/z values. Ions pass through the mass analyzer one at a time to reach the detector 
resulting in a mass spectrum [107-108].  Liquid chromatography coupled to mass 
spectrometry detectors (LC-MS or LC-MS/MS) is a fast growing and reliable 
technique used to overcome the above mentioned limitations of the HPLC analytical 
instrument for analysis of veterinary drugs (tetracycline antibiotics) in any matrix [1, 
4, 7, 29, 45, 47-48, 50, 60, 64].  The major advantage of LC-MS/MS is that it can 
simultaneously determine many classes of veterinary drugs at very short run times 
since analytes do not have to be fully resolved or separated to be identified and 
quantified.  Another interesting feature of this technique is the ability to fragment and 
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isolate ions several times in succession before the final mass spectrum is obtained, 
resulting in tandem (MSn) capabilities [109].  The tandem capabilities are important 
for providing structural information of a compound by fragmenting the ions isolated 
during the first experiment (MS scan), and/or for achieving better selectivity and 
sensitivity for quantitative analysis by selecting representative ion transitions using 
both the first and second analyzers.  Using this technique, very low detection limits of 
0.01- 0.25 ng mL-1 (ppb) have been reported for simultaneous determination of 
multiple classes of antibiotics (tetracyclines, macrolides, sulfonamides and 
quinolones) [101].  The use of multi reaction monitoring (MRM) as a tool in liquid 
chromatography-mass spectrometry is known to enhance the sensitivity of LC-
MS/MS technique. 
 
2.7 Current research work 
 
In this work, a rapid, cheap and simple ‘green chemistry’ extraction method based on 
DLLME was developed and validated for the analysis of tetracycline residues in 
bovine muscle samples to determine their prevalence below and or above MRLs 
using a liquid chromatography tandem mass spectrometry. The LC-MS/MS 
instrument was chosen over other analytical techniques for the analysis of 
tetracyclines in meat for its major advantages of sensitivity, selectivity and capability 
to simultaneously determine many analytes at very short run times since analytes do 
not have to be fully resolved or separated to be identified and quantified. 
 
  
27 
 
CHAPTER THREE 
EXPERIMENTAL 
3.1 Reagents, Chemicals and Materials 
 
Acetonitrile, methanol and formic acid were of LC-MS grade from Fluka (Steinheim, 
Germany) while acetone, chloroform, dichloromethane, trichloromethane, 
trifluoroacetic anhydride and tetrachloroethylene were of HPLC grade from Merck 
(Darmstadt, Germany).  Sodium hydroxide pellets, sodium chloride, trisodium citrate 
dihydrate and magnesium sulphate anhydrous were of analytical grade from Merck 
(Darmstadt, Germany).  Chlortetracycline hydrochloride (97.8%), oxytetracycline 
hydrochloride (95%), tetracycline hydrochloride (95%), doxycycline hyclate (97%), 
demeclocycline hydrochloride (98%), minocycline hydrochloride and methacycline 
hydrochloride (95%) analytical standards were from Sigma-Aldrich (Steinheim, 
Germany).  Ultra high purity water (UHP) (18.2 MΩ. cm resistivity) was obtained from 
the Milli-Q purification system from Millipore (Bedford, MA, United States).  The Bond 
ElutC18 sorbent was from Agilent Technologies (Santa Clara, USA) and 0.45 μm 
PVDF membrane filters were from Pall Corporation (New York, USA). 
 
3.2  Instrumentation 
 
3.2.1  Mass Spectrometer 
 
An Applied Biosystems 4000 Qtrap mass spectrometer was from Applied 
Biosystems/ABSciex (Pty) LTD (Darmstadt, Germany) and was used for all mass 
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spectral measurements.  The mass spectrometer was equipped with electrospray 
(ESI) interface operating in a positive ion mode.  ESI parameters were optimized for 
each tetracycline by direct infusion of individual standard solution into the mass 
spectrometer.  The mass spectrometer parameters were set as follows; ion-source 
temperature (500ºC), ion-source gas 1 (50 psi), ion-source gas 2 (40 psi), curtain 
gas (25 psi) and collision gas (medium).  It was operated in the selective reaction 
monitoring (SRM) mode to confirm the identity of tetracyclines.  This was achieved 
by selecting specific precursor-to-product ion for each tetracycline and quantifying 
using the most abundant transition. Figure 3.1 shows a liquid chromatography 
tandem mass spectrometer (LC-MS/MS) analytical instrument used in this work.  
 
Figure 3.1:  Picture of LC-MS/MS instrument used in this study 
 
3.2.2  High pressure liquid chromatography  
 
For the chromatographic separation an Agilent 1200 series HPLC instrument from 
Agilent Technologies (Waldbronn, Germany) was used.  The instrument consisted of 
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an auto-sampler, thermostated column compartment and a quaternary pump.  The 
separations of tetracycline compounds were performed on a Kinetex 2.6 µm XB-C18 
100 Å, 100 mm x 4.6 mm column from Phenomenex (Aschaffenburg, Germany).  An 
Analyst 1.5 software was used to control the LC-MS instrument and for data 
acquisition. 
 
Several other small pieces of equipment were used for sample preparation.  A 
Heraeus Megafuge centrifuge was from Thermo Scientific (Steingrund, Germany), 
Ultra Turrax T25 homogeniser was from Optolabor (Atlanta, United State) and 
TurbovapLV concentrator workstation was from Caliper Life Sciences (Hopkinton, 
Mass, United State).  The multireax vortex mixer was obtained from Gilson 
(Middleton, United Kingdom).  
 
3.3 Procedures 
3.3.1 Preparation of standard solutions 
 
Stock standard solutions of every tetracycline compound were prepared separately 
in methanol at a concentration of 1 mg mL-1.  The stock solutions were prepared by 
accurately weighing an amount corresponding to 20-30 mg after correcting for purity, 
water of hydration and the fact that some standards were salts.  The weighed 
amount was then quantitatively transferred into a 25 mL volumetric flask, dissolved 
and diluted to the mark with methanol.  The solutions were stored at -20ºC. A mixed 
working standard solution, with all the compounds, was prepared by transferring 100 
µL aliquots of each stock standard solution (1 mg mL-1) into a 100 mL volumetric 
flask and making up to the volume with methanol such that the final concentration 
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was 1.0 µg mL-1.  The internal standard (methacycline) was prepared separately but 
in the same way as the mixed standard solution.  The standard solutions were stored 
at a temperature of 2-8ºC until ready for analysis.  Calibration standards were freshly 
prepared with every run by fortifying 1.0 g of blank ground muscle samples with 
appropriate volumes of the 1.0 µg mL-1 mixture of tetracycline standard solution and 
50 µL internal standard.  A total of three spiked samples at each of the eight concentration 
levels in the range of 25 - 200 µg kg-1 were taken through the entire DLLME procedure and 
used to construct a matrix matched calibration curve. 
 
3.3.2 MS experiments 
 
In setting up an LC-MS method, a significant number of conditions and parameters 
need to be taken into account and optimized.  Ion source parameters and collision 
energies were optimized by continuously infusing a dilute solution of each of the 
seven tetracycline analytes in methanol and ammonium formate mixture using the 
Q1 scan type to determine the maximum signal intensity for each ion.  This was 
followed by running MRM scan of a mixture of the seven compounds to obtain the 
most intense precursor/product ion pair for each compound with the corresponding 
optimal ion optics values.  The optimized MS compound dependent parameters 
{Declustering Potential (DP), Entrance Potential (EP), Collision Energy (CE) and 
Collision Cell Exit Potential (CXP)} and ion source parameters (Gases, Temperature 
and Ion Spray Voltage) were used to create MS method/project that was used for 
subsequent experiments in this study. 
 
  
31 
 
3.3.3 HPLC separation 
A 10 μL of a mixture of the seven tetracycline compounds was injected and an 
elution gradient of mobile phase (MP) A (0.2% formic acid in UHP water) and mobile 
phase B (0.2% formic acid in acetonitrile) was developed to separate the tetracycline 
analytes.  The six tetracycline compounds and internal standard were separated 
using a Kinetex 2.6 µ XB-C18 100 Å, 100 mm x 4.6 mm column.  The column was 
maintained at 40ºC at a flow rate of 550 µL min-1 and the injection volume was 20 µL. 
The gradient started with 90% MP A followed by a linear decrease to 65% MP A in 2 
min and was maintained for 7 min.  Mobile phase A was then changed back to the 
initial percentage and held for 1 min until the next injection.  Table 3.1 below shows 
the gradient elution program used to achieve separation of tetracyclines. 
 
Table 3.1 Gradient Elution program used to achieve separation of seven TCs; 
A= 0.2% Formic Acid in water, B= 0.2% Formic acid in acetonitrile. 
Total time (min) Flow rate (µl/min) A% B% 
0.00 550 90.0 10.0 
1.00 550 90.0 10.0 
3.00 550 65.0 35.0 
8.00 550 90.0 10.0 
9.0 550 90.0 90.0 
 
3.3.4 Sample collection and storage 
 
Sampling was carried out according to the Commission Decision 96/23/EC of 29 
April 1996 that lays down detailed rules on official sampling for the monitoring of 
certain substances and residues thereof in live and slaughtered animals [53].  The 
EU regulation prescribes residue monitoring of tetracyclines in kidney, liver and 
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muscle.  Furthermore some studies have shown that the tetracycline drugs are 
distributed among these tissues/organs in the animal body [1, 19, 47, 48].  Bovine 
muscle was chosen in this case because of ease of access and lower MRL which is 
compatible with the sensitive LC-MS/MS instrument used in this study.  The samples 
were collected from Botswana national abattoirs and stored in a freezer at -20 ± 3ºC 
to preserve them before analysis. 
 
3.3.5 Dispersive Solid Phase Extraction procedure 
 
The samples were removed from the freezer on the day of analysis, defrosted at 
room temperature and homogenized using a homogenizer.  The homogenized 
muscle samples were weighed (1.00±0.005 g) into a 50 mL Falcon tubes. A 2:8 (v/v) 
mixture of water and acetonitrile (10 mL) was added to the samples.  Magnesium 
sulphate and sodium chloride, 0.5 g each were then added to displace the extraction 
equilibrium towards the organic phase.  The extracts were vortexed for 10 minutes 
and then centrifuged (5°C, 4000 rpm, and 10 minutes).  The supernatants were 
decanted into a 15 mL tube containing 500 mg Sepra C18 SPE sorbent, vortex mixed 
for 5 minutes and then centrifuged (5°C, 4000 rpm) for 5 minutes.  Aliquots (6 mL) of 
the resulting supernatants were transferred into graduated tubes and the contents 
were evaporated down to near dryness under a stream of N2 flow in a turbovap 
concentrator at 40ºC.  The volume of the samples were then adjusted to 1 mL with 
water and filtered using 0.45 μm PVDF membrane filters.  The filtered (20 µL) 
samples were injected into LC-MS/MS instrument for analysis.  Table 3.2 below 
shows a flowchart for the dispersive solid phase extraction method. 
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Table 3.2:  Flowchart for dispersive solid phase extraction procedure 
 
 
 
3.3.6 DLLME method development 
 
3.3.6.1 DLLME method sample pre-treatment 
 
When DLLME is applied to solid biological samples there is a need to first extract the 
analyte from a complex matrix such as muscle prior to applying DLLME procedure 
[26, 27, 106] as outlined in Table 3.3 below.  The muscle samples were removed 
from the freezer on the day of analysis, defrosted at room temperature and 
homogenized.  The homogenized samples were weighed (1.00±0.005 g) into a 15 
mL Falcon tubes.  The samples were treated with 6 mL of a 5:1 (v/v) mixture of water 
and acetonitrile.  A 500 mg mixture of salts, i.e., magnesium sulfate anhydrous, 
sodium chloride and trisodium citrate dihydrate (3:1.5:0.5) was added to each 
Reconstitute to ~2 mL with deionised water 
→filter into 1.5 mL vial using 0.45 µm PVDF 
membrane filters 
→inject 20 µL sample into LC-MS/MS 
Decant into 15 mL tube containing 500 mg Sepra C18 SPE sorbent 
→centrifuge (4000 rpm, 5ºC, 5 min) 
→transfer 6 mL supernatant into 10 mL tube & 
concentrate to ~1 mL in turbovap concetrator (50ºC) 
Extract with 1 mL water: acetonitrile (2:8 v/v) mixture 
→vortex for 5 min →centrifuge (4000 rpm, 5ºC, 5 min) 
Defrost muscle sample at room temperature 
→homogenise using ultra 
turrax homogeniser 
→weigh ~1 g into 50 mL 
Falcon tube 
→fortify with appropriate amount 
of TC standard mixture & IS 
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sample and vortex mixed for 2 minutes.  The samples were then centrifuged (5°C, 
4000 rpm) for 5 minutes.  The supernatants were decanted into a 15 mL tube and 
then taken through the DLLME procedure. 
 
Table 3.3: Flowchart for DLLME sample pre-treatment procedure 
 
 
 
3.3.6.2 DLLME method sample preparation procedure 
 
The pH of 1 mL aliquots of the supernatants prepared in Section 3.3.6.1 above were 
adjusted to pH 7 using sodium hydroxide solution and formic acid.  For the DLLME 
procedure, 1.5 mL methanol (disperser solvent) and 250 μL chloroform (extracting 
solvent) were injected rapidly into the sample solutions contained in conical test 
tubes.  Immediately after injection, cloudy solutions were formed which were then 
centrifuged for 5 min at 4000 rpm.  The sedimented phases were withdrawn with 
micro syringes and transferred into 2 mL centrifuge tubes for evaporation of the 
Decant supernant into 15 mL falcon tube 
→Take 5 mL aliquot through DLLME procedure  
Extract with water: acetonitrile (5:1 v/v) mixture 
→vortex for 2 min →centrifuge (4000 rpm, 5ºC, 3 min) 
Defrost and homogenize  muscle sample 
→weigh ~ 1g into 15 mL 
Falcon tube 
→fortify with appropriate 
amount of TC standard & IS 
→add magnesium sulfate anhydrous 
(300 mg), sodium chloride (150 mg) & 
trisodium citrate dihydrate (50 mg) 
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solvents using turbovap concentrator.  The residues were reconstituted in 100 µL of 
water and 20 µL injected into the LC-MS/MS for analysis.  It should be noted that the 
conditions described above were optimum.  Thus disperser solvents (acetone, 
methanol and acetonitrile) and extraction solvents (chloroform, dichloromethane, 
trichloromethane and tetrachloroethylene) were investigated.  The sample 
preparation procedure for DLLME method is presented in Table 3.4 below. 
 
Table 3.4:  Flow chart for the DLLME procedure 
 
 
 
3.3.6.3 Procedure for Optimization of DLLME parameters 
 
The influences of pH of the sample extract on the recovery of tetracycline analytes 
were investigated at a pH range of 2-12 by using hydrochloric acid and sodium 
hydroxide solution to adjust the pH while keeping other parameters constant (i.e. 
acetonitrile (1 mL) and dichloromethane (250 µL) as disperser and extraction 
solvents respectively). 
Withdraw the sedimented phase and transfer into 2 mL tubes 
→concentrate using turbovap concentrator 
(50ºC) 
→reconstitute in 100 µL of water and inject 20 
µL into LC-MS/MS 
Adjust pH of 5 mL aliquot prepared in 3.3.7.1 to pH 7 
→Inject rapidly 1.5 mL methanol (disperser 
solvent) and 250 µL dichloromethane 
(extraction solvent) 
→Centrifuge (4000 rpm, 5ºC, 3 min) 
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Methanol, acetonitrile and acetone were tested as disperser solvents and the effect 
of these solvents on the performance of DLLME was investigated.  The experiments 
were performed using sample extract at a constant pH of 7 and 250 µL of chloroform 
with 1.0 mL aliquot of each of acetone, methanol and acetonitrile.  The DLLME 
procedure was followed and sedimented phases were dissolved in water and 
injected on LC-MS/MS. 
 
Among the extraction solvents with density higher than water (mainly chlorinated 
solvents), dichloromethane (CH2Cl2) ρ = 1.33 g/cm
3, chloroform (CHCl3) ρ = 1.48 
g/cm3, tetrachloroethylene ρ = 1.62 g/cm3 (Cl2C=CCl2) and trichloroethylene ρ = 1.46 
g/cm3 (C2HCl3) were studied.  In this experiment, 250 µL of each of the extraction 
solvents and 1 mL of methanol were added to a series of sample extracts (at pH 7).  
DLLME procedure was followed and the extracts injected on LC-MS/MS.   
 
The effect of disperser solvent volume was investigated using different volumes of 
methanol (0.5, 1.0, 1.5, 2.0 and 2.5 mL) at constant volume of dichloromethane (250 
µL) and pH 7 of the sample extract.  The extraction solvent volume effect was 
investigated by keeping the methanol volume at 1.0 mL and sample extracts at pH 7 
while varying volumes of dichloromethane from 100 to 300 µL.  The sample extracts 
were taken through the DLLME procedure and analyzed as described above. 
 
3.4 Procedure for DLLME method validation 
 
The European Union (EU) Commission Decision 2002/657/EC directive that defines 
performance criteria for validation of analytical methods was used for DLLME 
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method validation.  Several validation parameters such as linearity, recovery, 
precision, limit of detection (LOD), limit of quantification (LOQ), decision limit (CCα) 
and detection capability (CCβ) were determined under optimum conditions.  
Methacycline was used as an internal standard (IS).  An equal volume (50 µL) of the 
IS was added to all samples and the ratio of peak area of the analytes to peak area 
of internal standard was used in the quantification of tetracyclines in all DLLME 
method validation experiments. 
 
The validated DLLME method was applied to thirty bovine meat samples for the 
determination of tetracycline compounds.  The bovine meat samples were obtained 
from the national abattoirs and local butcheries. 
 
3.4.1 Procedure for linearity  
 
Linearity was determined by fortifying blank muscle samples with tetracycline 
standard mixture at concentrations corresponding to eight calibration levels in the 
range of 25-200 µg kg-1.  A total of three spiked samples at each spiking level were 
taken through the entire DLLME procedure and used to construct a calibration curve. 
 
3.4.2 Procedure for precision batches 
 
For precision batches, four controls for each analytical batch were prepared.  Each 
spiking level was represented by 7 replicates.  The samples that were used to 
prepare the validation batch were the ones which were previously screened and 
found negative for the target analytes.  Samples were spiked at 0 x MRL (blank), 0.5 
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x MRL (spike 1), 1 x MRL (spike 2) and 1.5 MRL (spike 3).  The experiment was 
repeated on two occasions (two consecutive weeks).  The data obtained from 
precision batches were used to calculate limit of detection, limit of quantification and 
method performance characteristics (CCα and CCβ) for the DLLME method. 
 
3.4.3 Procedure for recovery studies 
 
Muscle samples were spiked with tetracycline analytes at a range of concentrations 
(0 MRL, 0.5 MRL, MRL, 1.5 MRL and 2 MRL) known as pre extraction matrix spikes 
(PrEMS).  These spiked samples were taken through the entire DLLME analytical 
procedure and used to construct a calibration curve.  Twenty one (21) blank samples 
known as post extraction matrix spikes (PoEMS) were also taken through the 
analytical procedure and were spiked at three concentration levels (0.5 MRL, MRL 
and 1.5 MRL) after extraction.  This procedure was repeated twice to make in total 
three batches.  The PrEMS response curves were used to quantify the samples.  
The PoEMS were used to estimate overall method percentage recovery, relative 
standard deviation and reproducibility at each level.  
 
3.5 Procedure for dSPE method verification 
 
In duplicates, 1.0±0.05 g of homogenized subsamples were weighed into 50 mL 
Falcon tubes.  Negative controls and pre-extracted matrix samples were fortified with 
appropriate volumes (0 x MRL, 0.5 x MRL, 1x MRL and 1.5 MRL) of spiking standard 
solution.  A minimum of four calibration levels were used, with a duplicate PrEMS at 
each level.  An equal volume (50 µL) of internal standard (methacycline) was added 
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to all samples and controls.  For each PrEMS extract, additional negative control 
samples were taken through the dSPE procedure for preparation of equivalent post 
extracted matrix samples (PoEMS).  To prepare PoEMS, spiking standards were 
added to samples labelled PoEMS to match the PrEMS prepared at the beginning of 
sample preparation procedure.  The supernatants were filtered through 0.45 µm 
syringe filters into sample vials and the extracts injected onto the LC-MS/MS.  
 
The validated DLLME method was applied to thirty bovine meat real samples for the 
determination of tetracycline compounds.  The bovine meat samples were obtained 
from the national abattoirs and local butcheries. 
  
40 
 
CHAPTER FOUR 
 
RESULTS AND DISCUSSION 
4.1 LC-MS/MS experiments 
4.1.1  Optimization of Mass Spectrometer Compound Dependent 
Parameters 
The compound dependent mass spectrometer parameters were optimized for each 
of the seven tetracycline compounds investigated in this study.  This was achieved 
by the infusion of individual standard solutions of the seven tetracycline compounds 
using the Q1 scan type to determine the maximum signal intensity for each ion.  Both 
ESI+ and ESI_ were attempted and it was found that all the seven compounds have 
maximum signal intensities of parent ions when using ESI+.  This was followed by 
running MRM scan of a mixture of the seven compounds to obtain the most intense 
precursor/product ion pair for each compound with the corresponding optimal ion 
optics values.  The optimized MS compound dependent parameters (Declustering 
Potential (DP), Entrance Potential (EP), Collision Energy (CE) and Collision Cell Exit 
Potential (CXP)) and ion source parameters (Gases, Temperature and Ion Spray 
Voltage) were used to create MS method that was used for subsequent experiments 
in this study.  Using the optimized values ensures there is maximum transmission of 
ions and thus affords improved sensitivity.  The results of the optimized MS 
compound dependent parameters and ion source parameters are presented in Table 
4.1 and 4.2 respectively. 
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Table 4.1 Optimized mass spectrometer compound dependent parameters for 
each of the seven tetracycline compounds 
Analytes & 
Transitions 
 
MS Parameters 
Q1 Mass 
(Da) 
Q3 Mass 
(Da) 
Dwell time 
(msec) 
DP 
(Volts) 
EP 
(Volts) 
CE 
(Volts) 
CXP 
(Volts) 
Chlortetracycline T1 479 443 40 61 10 29 24 
Chlortetracycline T2 479 154 40 61 10 41 22 
Chlortetracycline T3 479 303 40 61 10 31 16 
Demeclocycline T1 466 431 40 31 10 33 36 
Demeclocycline T2 466 289 40 31 10 51 14 
Demeclocycline T3 466 262 40 31 10 63 12 
Doxycycline T1 445 266 40 21 10 51 12 
Doxycycline T2 445 320 40 21 10 43 18 
Doxycycline T3 445 98 40 21 10 71 6 
Methacycline T1 443 200 40 51 10 61 30 
Methacycline T2 443 126 40 51 10 61 30 
Methacycline T3 443 426 40 51 10 61 30 
Minocycline T1 458 336 40 31 10 55 26 
Minocycline T2 458 352 40 31 10 49 12 
Minocycline T3 458 282 40 31 10 47 12 
Tetracycline T1 445 410 40 54 10 33 6 
Tetracycline T2 445 427 40 54 10 19 24 
Tetracycline T3 445 97 40 54 10 29 6 
Oxytetracycline T1 461 426 40 46 10 27 24 
Oxytetracycline T2 461 443 40 46 10 19 12 
Oxytetracycline T3 461 201 40 46 10 55 14 
 
Table 4.2 Optimized Ion Source and Gas parameters 
 
Source and Gas parameters Optimal value 
Ion Source Voltage (IS) 5500 
Temperature (Temp) 500 
Ion Source gas 1(GS1) 50 
Ion source 2(GS2) 40 
Curtain Gas(CUR) 25 
Collision Gas (CAD) Medium 
 
4.1.2  Optimization of the HPLC separation 
The optimized chromatographic separation was achieved by changing different 
mobile phase compositions and flow rates, one parameter at a time and noting the 
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improvement in the intensity, separation and symmetry of the peaks.  The 
chromatographic run was done within 10 minutes which as a rule of thumb is 
considered relatively fast and less than 25 minutes which in residue analysis is 
considered acceptable.  The chromatogram of the separated tetracycline compounds 
are presented in Figure 4.1 respectively.  The average retention times and intensities 
of the tetracycline compounds are as in Table 4.3. Although the last three 
compounds (chlortetracycline, methacycline and doxycycline) are not well separated, 
they could still be fully identified and quantified in LC-MS/MS since the technique 
does not require analytes to be fully resolved or separated to be identified and 
quantified.  
 
Figure 4.1  Chromatogram of seven TC compounds obtained using TC standard 
mixture at 100 µg kg-1. 
XIC of +MRM (26 pairs): 443.363/201.100 Da ID: Methacycline 1 from Sample 3 (19062014 tetra final method8003) of Data19062014 tetr... Max. 2.3e4 cps.
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Table 4.3. Average retention times, intensities and parent ions of TC compounds  
 
Compound name Parent Ion m/z (Da) Intensity (cps) Retention time 
(min) 
Minocyclline 221 3.0 x 103 2.10 
Oxytetracycline 299 3.0 x 104 4.80 
Tetracycline 445 1.05 x 105 5.10 
Demeclocycline 341 5.5 x 104 5.40 
Chlortetracycline 327 3.5 x 104 5.66 
Methacycline 201 2.30 x 104 5.70 
Doxycycline 319 1.2 x 105 5.80 
 
4.2  DLLME method development and optimization 
 
Dispersive liquid-liquid microextraction was used as a sample extraction and clean-
up method for tetracyclines in bovine muscle samples.  Extracting analytes from 
biological samples using DLLME presents challenges.  Unlike in water where the 
analytes are in an aqueous phase, in biological samples there is a need to first 
extract analytes of interest from the solid matrix into an aqueous phase prior to 
application of DLLME procedure which is based on a ternary component solvent 
system of an aqueous sample, disperser solvent and extraction solvent.  During the 
sample pre-treatment step, salts are added for analyte partitioning, phase 
separation, buffering and reducing the amount of co-extracted matrix that could 
hinder the quantitative transference of analytes from the aqueous phase to the 
organic phase.  As with any sample preparation technique, one must still optimize 
the DLLME method.  The sample pH, extraction time, type and volume of extraction 
and dispersive solvents are important factors to optimize [24, 28]. 
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4.2.1 Optimization of pH 
 
It is very important to optimize the pH of the aqueous solution because it determines 
the existing state of analytes (Figure 2.3), as well as the extraction efficiency of 
target compounds [24].  Thus the partitioning of an analyte from an aqueous phase 
into a hydrophobic organic solvent is greater for a neutral molecule than for an 
ionized species.  Tetracyclines are amphoteric compounds with three functional 
groups (Figure 2.2) hence they are charged over a wide pH range [35, 39].  An 
appropriate pH should therefore be selected so that these analytes are extracted 
from the aqueous phase into the extraction solvent in their neutral form.  In this work, 
the effect of pH on the extractability of tetracyclines was investigated in the range of 
2 - 12 using formic acid and sodium hydroxide solution to adjust the pH.  Acetonitrile 
(1 mL) and dichloromethane (250 µL) were used as disperser and extraction 
solvents respectively. The extracts were then injected onto the LC-MS/MS and data 
acquired using the Analyst software.  Figure 4.2 shows the effect of variation of pH 
on the extraction efficiencies of tetracyclines.  When the pH was in the range of 2-7, 
the extraction efficiency of all TCs increased gradually, whereas between 7 and 12, it 
decreased.  High extraction efficiencies (70 – 84%) for all TC compounds were 
observed at pH 7.  This is due to the fact that, in acidic solutions (pH 2-6), the 
chemical structures of TCs would be isomerized to 4-epimers, while in alkaline 
medium (pH 8-12) TCs are oxidized and in neutral solutions (pH 7), TCs exists as 
zwitterions (neutral analytes) [35, 39, 42].  So, neutrality (pH 7) was selected as 
extraction condition and used for subsequent experiments.  
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Figure 4.2:Effect of sample pH on extraction efficiencies of tetracyclines in blank 
muscle samples spiked at 50 µg kg-1.  DLLME conditions: sample 
extract volume, 5 mL; extraction solvent (dichloromethane) volume, 
250 µL; disperser solvent (acetonitrile) volume, 1 mL; sample pH 
range 2-12. 
 
4.2.2  Selection of disperser solvent 
 
The selection of the disperser solvent is also crucial for the DLLME method.  The 
dispersive solvent should be miscible with both water and the extraction solvent and 
should effectively dissolve the analytes.  In this work acetone, acetonitrile and 
methanol were investigated.  A 250 µL volume of dichloromethane and 1 mL of each 
of the disperser solvents were used for the optimization of disperser solvent. The 
extracts were then injected onto the LC-MS/MS and data acquired using the Analyst 
software. Figure 4.3 shows the results of the three disperser solvents investigated 
while maintaining the pH of the aqueous phase at pH of 7.  On the basis of extraction 
efficiencies, methanol was observed to be the most efficient (efficiencies ranged 
from 72 to 92%) disperser solvent for all tetracyclines except minocycline which had 
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higher extraction efficiency (88%) in acetone.  This could be due to the high solubility 
of minocycline in acetone than in methanol.  The solubility of TCs decreases in the 
order of methanol, acetone and acetonitrile [110].  Therefore, methanol was selected 
as the dispersive solvent for this work. 
 
 
 
Figure 4.3: Effect of disperser solvent on extraction efficiencies of tetracyclines 
in blank muscle samples spiked at 50 µg kg-1. DLLME conditions: 
sample extract volume, 5 mL; sample pH 7; extraction solvent 
(dichloromethane) volume, 250 µL; disperser solvents, 1 mL of each 
of acetone, acetonitrile and methanol. 
 
4.2.3: Selection of extraction solvent 
 
The extraction solvent is one of the most important parameters that requires to be 
optimized for successful use of DLLME in any group of compounds.  In DLLME work, 
organic solvents are selected on the basis of their high density over water, 
immiscibility in water and extraction efficiency of compounds of interest.  Four 
chlorinated solvents (dichloromethane (CH2Cl2) ρ = 1.33 g/cm
3, chloroform (CHCl3) ρ 
= 1.48 g/cm3, tetrachloroethylene ρ = 1.62 g/cm3 (Cl2C=CCl2), and trichloroethylene 
ρ = 1.46 g/cm3 (C2HCl3) were investigated for the extraction of tetracyclines.  In this 
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experiment, 250 µL of each of the extraction solvents and 1 mL of methanol were 
added to a series of sample extracts (pH 7). The extracts were then injected onto the 
LC-MS/MS and data acquired using the Analyst software. All extraction solvents 
yielded satisfactory extraction efficiencies ranging from 68 to 98% (Figure 4.4).  
However, chloroform extracted all TCs better than the other extraction solvents with 
extraction efficiencies ranging from 75 to 98%.  Despite chloroform being the best 
extraction solvent, dichloromethane which also yielded high efficiencies (74 – 95%) 
was chosen because it is less toxic than chloroform.  
 
Figure 4.4:  Effect of extraction solvent on extraction efficiencies of tetracyclines 
in blank muscle samples spiked at 50 µ gkg-1.  DLLME conditions: 
sample extract volume, 5 mL; sample pH 7; disperser solvent 
(methanol) volume, 1  mL; extraction solvents, 250 µL of each of 
chloroform, dichloromethane, trichloroethylene and 
tetrachloroethylene. 
 
4.2.4: Optimization of disperser solvent volume 
 
Disperser solvent volume has a significant effect on DLLME sample preparation 
because it affects the volume of the sedimented phase.  The effect of disperser 
solvent volume was investigated with different volumes of methanol (0.25, 0.5, 1.0, 
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1.5, 2.0 and 2.5 mL) at constant volume of dichloromethane (250 µL).  The extracts 
were injected onto the LC-MS/MS and data acquired using the Analyst software.  It was 
observed that analytes extraction efficiencies increased with the increase of 
methanol volume from 0.25 to 1.0 mL and then decreased as methanol volume was 
increased from 1.5 to 2.5 mL (Figure 4.5).  A similar trend has been previously 
observed by other researchers [24-26, 28].  The decrease in extraction efficiencies at 
low volumes of methanol was attributed to the fact that a cloudy state was not 
formed well, thus giving low efficiencies.  On the other hand very high methanol 
volumes increase the solubility of analytes in water thus leading to decreased 
extraction efficiency due to a decrease in distribution coefficient [24, 28,104].  Based 
on the results in Figure 4.5 which showed the highest extraction efficiencies (75 – 
91%) at a disperser solvent volume of 1.0 mL, this volume was chosen as the 
optimum for the rest of the work. 
 
Figure 4.5: Effect of disperser solvent volume on extraction efficiencies of    
tetracyclines in blank muscle samples spiked at 50 µg kg-1. DLLME 
conditions: sample extract volume, 5 mL; sample pH 7; extraction solvent 
(dichloromethane) volume, 250 µL; disperser solvent (methanol) volumes, 
0.25-2.5 mL. 
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4.2.5 Optimization of extraction solvent volume 
 
The volume of the extraction solvent is also one of the factors affecting extraction 
efficiency and enrichment factors of analytes in DLLME.  The effect of extraction 
solvent volume was investigated by maintaining pH at 7, methanol volume at 1.0 mL 
while varying volumes of dichloromethane (50 - 300 µL). The extracts were injected 
onto the LC-MS/MS and data acquired using the Analyst software. Figure 4.6 shows 
the results of the effect of the variation of dichloromethane volume.  The extraction 
efficiencies increased (45 – 96%) with increase in volume from 50 to 200 µL and 
then decreased (96 – 52%) as dichloromethane volume was increased to 300 µL.  
Other researchers have reported that this trend is usually a result of the dilution of 
the target analytes in the sedimented phase, because the higher the extracting 
volume, the greater the volume of the sedimented phase [24-26, 28, 104].  Thus, 200 
µL of dichloromethane was used for all subsequent DLLME experiments. 
 
 
Figure 4.6: Effect of extraction solvent volume on extraction efficiencies of 
tetracyclines in blank muscle samples spiked at 50 µg kg-1. DLLME 
conditions: sample extract volume, 5 mL; sample pH 7; disperser 
solvent (methanol) volume, 1 mL; extraction solvent 
(dichloromethane) volumes, 50-300 µL. 
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4.3; Validation of the DLLME method  
 
The European Union (EU) Commission Decision 2002/657/EC Directive that defines 
performance criteria for validation of analytical methods were used for DLLME 
method validation [54].  Several validation parameters such as linearity, recovery, 
precision, limit of detection (LOD), limit of quantification (LOQ), decision limit (CCα) 
and detection capability (CCβ) were determined under optimum conditions.  
Methacycline was used as an internal standard (IS) and the ratio of peak area of the 
analyte to peak area of internal standard was used in the quantification of 
tetracyclines.  Methacycline was chosen and used as internal standard because 
unlike other tetracyclines, it was never found in samples tested in our laboratory over 
the past ten years.  This implied that it has not yet been used as an antibiotic locally. 
In places where it has been proven that it is used as an antibiotic then it would not be 
recommended for use as an internal standard since this could jeopardize the results. 
 
4.3.1 Linearity  
 
Linearity was determined using pre-extraction matrix spikes which are matrix 
samples that were fortified with tetracycline standard solutions prior to extraction.  It 
was necessary to use matrix calibration standards to minimize matrix effects and 
improve the method precision.  Linearity in the range of 25 - 200 µg kg-1 was 
obtained with regression coefficients ranging from 0.9994 to 0.9998 as indicated in 
Table 4.4. 
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4.3.2  Precision and recovery  
 
A Microsoft Data Analysis toolpak was then performed on the 21 resulting measured 
concentrations (7 replicates x 3 batches) at each spiking level to determine validation 
parameters.  The validation results are reported below and displayed in Tables 4.4 
and Table 4.5.  The mean recoveries of spiked blank muscle samples at three levels 
(i.e. 50, 100 and 150 µg kg-1) ranged from 80 to 101% and the reproducibility was 
between 2 and 7%.  The recoveries are satisfactory as they fall within the acceptable 
range of 80 – 110% and the method is reproducible (%CV are less than 23) 
according to the EU Commission Decision 2002/657/EC directive [54]. 
 
Table 4.4: Analytical performance parameters for the determination of six 
tetracycline antibiotics in muscle samples using DLLME method at       
n = 21. 
Analyte Linear  
range 
(µg   
kg-1) 
 
R2 LOD 
(µg   
kg-1) 
LOQ 
(µg   
kg-1) 
CCα 
(µg    
kg-1) 
CCβ 
(µg kg-1) 
Reprodu-
cibility 
(%CV)  at 
MRL  
(100 µg 
kg-1) 
Chlortetr-
acycline 
25-200 0.9997 2.2 7.3 111 122 7 
Demecl-
ocycline 
25-200 0.9994 2.9 9.7 110 117 4 
Doxycyc-
line 
25-200 0.9998 2.2 7.4 110 122 7 
Minocycl-
ine 
25-200 0.9995 7.4 11.5 110 117 4 
Oxytetra-
cycline 
25-200 0.9996 2.4 8.0 105 107 2 
Tetracycl
-ine 
25-200 0.9997 2.5 8.3 108 114 4 
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Table 4.5: Recovery studies of tetracycline antibiotics in fortified blank muscle 
samples using DLLME method 
Analyte Spiking level 
(µg kg-1) 
Mean 
recovery 
(%)  n = 21 
RSD% CV% 
Chlortetracycline 50 
100 
150 
101 
95 
93 
9.5 
7.4 
4.3 
10 
7 
4 
Demeclocycline 50 
100 
150 
90 
89 
80 
8.9 
6.7 
12.5 
8 
6 
10 
Doxycycline 50 
100 
150 
93 
97 
101 
6.4 
7.2 
5.9 
6 
7 
6 
Minocycline 50 
100 
150 
92 
87 
80 
8.7 
6.9 
12.5 
8 
6 
10 
Oxytetracycline 50 
100 
150 
103 
96 
91 
8.7 
9.4 
7.7 
9 
9 
7 
Tetracycline 50 
100 
150 
101 
101 
97 
10.6 
7.9 
8.2 
11 
8 
8 
 
4.3.3 Method performance characteristics (CCα and CCβ) 
 
The method performance characteristics (decision limit and detection capacity) were 
also determined.  The decision limit is defined as the limit above which it can be 
concluded, with an error probability of α, that a sample is non-compliant (higher than 
the MRL).  Detection capability is defined as the smallest content of the substance 
that may be detected, identified and quantified in a sample with an error probability 
of β.  The decision limit, CCα was calculated as the mean measured concentration at 
MRL + 1.64 x in-house reproducibility at this concentration and  the detection 
capacity, CCβ was calculated as CCα + 1.64 x the in-house reproducibility at MRL.  
Table 4.4 shows that the obtained CCα ranged from 105 to 111 µg kg-1 while CCβ 
ranged from 107 to 122 µg kg-1. 
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4.3.4 Limit of detection and limit of quantification 
 
The LOD and LOQ were calculated from the mean signal of 10 muscle blank 
samples.  Limit of dectection was calculated as the mean of blank concentration plus 
three times standard deviation of concentration of the 10 blank samples.  Limit of 
quantification was calculated as mean of blank concentration plus ten times standard 
deviation of concentration of the blank samples.  Table 4.4 above shows that LODs 
and LOQs ranged from 2.2 to 7.4 µg kg-1 and from 7.3 to 11.5 µg kg-1 respectively. 
 
4.4 Dispersive Solid Phase Extraction method verification 
 
A single factor analysis of variance (ANOVA) from Microsoft Analysis toolpak was 
performed on the 21 measured concentrations (7 replicates x 3) at each spiking level 
to obtain verification parameters such as recoveries, repeatability, LOD and LOQ for 
the dSPE method which are displayed in Table 4.6 below.  The average percentage 
recoveries and reprodubicility (%CV) ranged from 83 - 99% and 4 - 13% respectively 
showing that the dSPE is accurate and precise according to the Commission 
Decision 2002/657/EC directive [54]. 
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Table 4.6: Recovery studies of tetracycline antibiotics in fortified blank muscle 
samples using dSPE method 
Analyte Spiking level 
(µg kg-1) 
Mean 
recovery 
(%) n=21 
RSD% CV% 
Chlortetracycline 50 
100 
150 
96 
94 
97 
11.94 
5.69 
8.21 
12 
6 
8 
Demeclocycline 50 
100 
150 
88 
94 
83 
9.90 
4.98 
11.13 
9 
5 
11 
Doxycycline 50 
100 
150 
96 
94 
98 
7.45 
13.18 
6.06 
7 
13 
6 
Minocycline 50 
100 
150 
94 
90 
88 
7.90 
10.11 
8.75 
8 
10 
8 
Oxytetracycline 50 
100 
150 
99 
98 
88 
9.72 
9.14 
5.07 
10 
9 
5 
Tetracycline 50 
100 
150 
96 
99 
98 
11.42 
6.15 
4.24 
11 
6 
4 
 
4.5 Comparison of DLLME and dSPE  
 
The proposed DLLME method was compared with a SANAS accredited method 
(dSPE) using a paired t-test to find out if there was any significant difference 
between the two methods.  Mean recoveries of tetracycline analytes for the two 
analytical methods were compared at concentrations of 50, 100 and 150 µg kg-1 (i.e. 
0.5, 1.0 and 1.5 x MRL).  The results in Table 4.7 show that the calculated t-value for 
all analytes is less than the t-critical value of 4.30 therefore, the results obtained by 
DLLME and dSPE do not differ significantly in terms of accuracy.  Dispersive liquid-
liquid microextraction is thus very attractive and a preferred method than dispersive 
solid phase extraction as it is cheaper, simpler, efficient and greener (DLLME uses 
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microliter volumes of organic solvents while dSPE uses more than 5 mL volumes of 
organic solvents).  Figure 4.7 below shows chromatograms of spiked meat samples 
obtained using DLLME and dSPE methods. 
  
Figure 4.7:  Chromatograms of spiked meat samples obtained using DLLME and 
dSPE respectively 
 
Table 4.7: Comparison of DLLME with dSPE method using a paired t-test; 
mean recovery values of tetracycline analytes were compared at 
spiking levels of 50, 100 and 150 µg kg-1. 
 
 
Analyte Method Spiking levels SD of the 
Difference 
t-
value 
t-critical 
value 50 100 150 
chlortetracycline dSPE 48 94 145.5 4.5 0.45 4.30 
DLLME 50.5 95 139.5 
demeclocycline dSPE 44 94 124.5 3.3 2.08 4.30 
DLLME 45 89 120 
Doxycycline dSPE 48 94 147 3.1 -1.57 4.30 
DLLME 46.5 97 151.5 
Minocycline dSPE 47 90 132 5.86 2.22 4.30 
DLLME 46 87 120 
Oxytetracycline dSPE 49.5 98 142.5 4.0 1.22 4.30 
DLLME 51.5 96 136.6 
Tetracycline dSPE 48 99 147 2.18 -1.12 4.30 
DLLME 50.5 101 145.5 
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4.6 DLLME application on real meat samples 
 
The proposed method was successfully applied for the determination of tetracyclines 
in meat samples.  Eleven of the thirty bovine muscle samples obtained from the local 
abattoirs were found to contain two types of tetracycline antibiotic residues 
(chlortetracycline and oxytetracycline) with oxytetracycline being the most detected.  
The two tetracyclines were detected probably because they are mostly used and 
their withdrawal periods were not observed.  The concentration levels of the 
tetracycline residues detected in eleven bovine muscle samples reported in Table 
4.8 were between 38.4 and 82.3 µg kg-1, levels that are lower than the European 
Union set maximum residue level (MRL) of 100 µg kg-1.  Therefore, the meat was 
compliant and fit for human consumption. Figure 4.8 shows chromatogram of a real 
meat sample. 
 
Figure 4.8: Chromatogram of a real meat sample 
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Table 4.8: Tetracycline levels found in bovine muscle samples from two beef 
exporting abattoirs and three local butcheries (Botswana) 
 
Sample TC 
(µg kg-1) 
CTC 
(µg kg-1) 
MNC 
(µg kg-1) 
DXC 
(µg kg-1) 
OTC 
(µg kg-1) 
DMC 
(µg kg-1) 
1 nd 46.3 nd nd nd nd 
2 nd 58.4 nd nd 76.5 nd 
3 nd 49.0 nd nd 67.6 nd 
4 nd nd nd nd 58.0 nd 
5 nd nd nd nd 74.0 nd 
6 nd 73.4 nd nd 82.3  nd 
7 nd nd nd nd 38.4 nd 
8 nd 39.0 nd nd nd nd 
9 nd 52.6 nd nd 51.0 nd 
10 nd nd nd nd 46.7 nd 
11 nd 61.5 nd nd 42.5 nd 
 
nd = not detected. 
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CHAPTER FIVE 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1  Conclusions 
 
This work was set out to develop a rapid, cost effective and ‘green chemistry’ 
method (DLLME) for analysis of tetracycline residues in meat by LC-MS/MS to 
determine their prevalence below and or above MRLs.  An attractive dispersive 
liquid-liquid microextraction method combined with liquid chromatography tandem 
mass spectrometry was successfully developed, optimized and validated for the 
extraction and rapid determination of tetracycline antibiotics in meat samples.  The 
tetracyclines in this study were found to extract well when the sample extract pH was 
neutral, methanol and dichloromethane were used as disperser and extraction 
solvents respectively.  Under the optimal conditions, validation parameters such as 
linearity (0.9994 to 0.9998), recoveries (80 to 101%), LODs (2.2 to 7.4 µg kg-1), 
LOQs (7.3 to 11.5 µg kg-1), CCα (105 to 111 µg kg-1), CCβ (107 to 122 µg kg-1) and 
reproducibility (2 to 7%) were established, all of which confirmed the applicability of 
the proposed method to real samples as an extraction and clean-up method.  The 
validated method was used for the quantification of tetracycline residues in meat 
samples.  About 37% of the analyzed samples contained chlortetracycline and 
oxytetracycline residues at levels that are lower than the EU set MRLs of 100 µg kg-1 
hence the meat was compliant and fit for human consumption. 
 
The DLLME method was compared with a SANAS accredited dSPE method in terms 
of accuracy and did not differ significantly therefore it may be used as a routine 
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method for the determination of tetracyclines in meat samples due to its advantages 
over other methods.  Through this study, it was proven that the DLLME method is 
not only limited to water samples but can be applied with accuracy to solid biological 
matrices as well for the determination of veterinary drugs/antibiotics. 
 
5.2 Recommendations 
 
The LODs and LOQs of the method could be further improved by investigating the 
matrix effects to further reduce ion suppression.  The present study indicates the 
presence of some tetracycline residues in meat from various slaughterhouses in 
Botswana and as such regulatory authorities should constantly conduct surveillance 
on withdrawal periods to ensure that they are observed before cattle are 
slaughtered.  The DLLME method can probably be applied with slight modifications 
for the determination of other drug residues in various matrices.  Another 
recommended modification to this method is to explore the use of ionic liquids to 
completely eliminate the use of toxic organic solvents and fulfil the requirements of 
‘green chemistry’. 
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